In the present work, exfoliated graphite nanoplatelets (EGN) of 1 μm in average particle size, which were prepared by heating at 900°C and then subjected to ultrasonic, ball-milling, and vibratory ball-milling techniques, were uniformly incorporated into phenylethynyl-terminated polyimide (PETI-5) resin. The fracture surface morphology and the electrical resistivity of the EGN/PETI-5 composites were investigated. The results showed that the fracture surfaces and the electrical resistivity strongly depended on the EGN content. The fracture surfaces became more ductile and roughened with increasing EGN and the electrical resistivity was gradually decreased with increased EGN loading, indicating the percolation threshold at 5 wt% EGN.
Introduction
Graphite has a layered structure composed of a large number of graphene sheets held together by weak van der Waals interactions. Single crystalline graphite is one of the stiffest materials in nature with an elastic modulus of over 1 TPa. It also has a low density and a high aspect ratio. Graphite has good electrical conductivity as well as good thermal conductivity. Graphite nanoplatelets can be obtained from expandable graphite, which is composed of natural graphite flake intercalated with acids, by appropriate thermal or microwave processing. During the processing, expandable graphite can be expanded up to hundreds of times over its pristine graphene sheets at the nano-scale level along the c axis of graphene layers [1] [2] [3] . Recently, graphite or graphene nanoplatelets have attracted considerable attention in academia and a large number of papers have dealt with this material [4] [5] [6] [7] [8] .
Much attention has been directed to polyimides, which have excellent properties and heat resistance, for use as high performance polymers and composite materials. Phenylethynylterminated polyimide, which was named LaRC PETI-5 (simply referred to as PETI-5 hereafter) by the National Aeronautics and Space Administration (NASA) Langley Research Center in 1994 [9] [10] [11] , has been used for composite matrices and adhesives in aircraft and aerospace applications for several reasons: its high glass transition temperature and toughness; its good mechanical, physical, chemical and thermal properties; and its adhesion capability and enhanced processibility [12] .
For the last several years, many research efforts have been devoted to studying the effect of carbon nanoparticles like graphite nanoplatelets and carbon nanotubes on the electrical properties of various polymers [13] [14] [15] [16] . However, studies on the effect of carbon nanoparticles on the electrical resistivity of PETI-5 have rarely been conducted. Consequently, the objective of this work is to understand how PETI-5 polyimide filled with exfoliated graphite nanoplatelets (EGN) at various loadings influences the fracture surfaces and the electrical resistivity depending on the EGN content. provides the relevant chemical scheme, from the monomers to the PETI-5 oligomer and through amic acid. PETI-5 polyimide can be made from an oligomer by thermal curing, as has been described elsewhere [11, 17] .
EGN and EGN/PETI-5 composites
EGN were prepared through multiple pulverizing processes with expanded graphite (EG) particles. The EG was obtained by thermally treating at 900°C expandable graphite flakes (GrafGuard 160-50A), which were supplied by UCAR (USA), after intercalation with a mixture of sulfuric acid and nitric acid. The EG particles have a carbon content of about 97%. The EG particles were finely pulverized using ultrasonic, ball-milling (alumina balls), and then, finally, vibratory ball-milling (zirconia
Experimental

Materials
The PETI-5 imide oligomer used in this work was synthesized and supplied in liquid amic acid form from Imitec, Inc. (Schenectady, NY, USA). PETI-5 is a random copolymer with a number-average molecular weight of 2500 g/mol; it is prepared from 3,4'-oxydianiline (ODA), 1,3-bis(3-aminophenoxy) benzene (APB), and 3,3',4,4'-biphenyltetracarboxylic dianhydride (BPDA), end-capped with 4-phenylethynylphthalic anhydride (PEPA). The synthesis and chemistry of PETI-5 have been described in detail elsewhere. The solid content in N-methyl-2-pyrrolidinone (NMP) as a solvent is about 35 wt%. http://carbonlett.org EGN/PETI-5 composites, according to the EGN loading, were fabricated in a stainless steel mold by compression molding using a hot-press (Carver 2518). The EGN loadings in the composite were 1, 3, 5, 10, and 20 wt%. The PETI-5 specimen was also used for comparison. Fig. 2 displays the procedure of EGN/ PETI-5 composite processing, including the time-temperaturepressure profile for curing.
Characterization
The fracture surfaces of the PETI-5 and EGN/PETI-5 samples were observed using a scanning electron microscope (SEM, JSM-5900, JEOL). Prior to SEM observations, each sample was coated with gold by a sputtering method. The electrical resistivity was measured using impedance spectroscopy by applying the balls) techniques, resulting in EGN. The average particle sizes measured were 19 μm (ultrasonic), 7 μm (ball-milling), and 1 μm (vibratory ball-milling); these size values were obtained by means of a particle size analyzer (Masterizer 2000, Malvern Instrument, Ltd.). It was found [1] that the average thickness of a single EGN with 1 μm was about 5.4 nm; the aspect ratio was about 185; the thin nanoplatelets maintained their average thickness and aspect ratio even after the pulverizing process, as similarly determined earlier [18] .
To avoid aggregation during the composite fabrication, the EGN particles were first uniformly dispersed in NMP using an ultrasonic bath. The mixture of EGN/PETI-5 was stirred well with the PETI-5 oligomer and then the NMP was removed completely at 202°C. In this step, the brittle yellowish solid of PETI-5 was changed to a fine PETI-5 powder. Finally, five different pending on the EGN content. Fig. 5 displays the variations of the electrical resistivity of PETI-5 and EGN/PETI-5 composites as a function of EGN content. It can be clearly seen that the resistivity gradually decreased with the increase of the EGN loading. The reduction of the resistivity was profound between 5 and 10 wt%. It seems that the percolation threshold occurred at 5 wt%. In the case of compression molding, the lack of a preferred orientation of the fillers leads to the formation of a conductive network and thus lowers the percolation threshold [6] . This result was consistent with that in the earlier study on EGN-polypropylene composites two-probe method at room temperature. Each data point was the average value of 3 to 5 measurements. The dimensions of each sample were 3.2 mm × 5 mm × 12.3 mm.
Results and Discussion
Figs. 3 and 4 exhibit the fracture surfaces of the cured PETI-5 and EGN/PETI-5 composites with various EGN loadings, observed from the cross-section of each specimen at magnifications of 300× (Fig. 3) and 3000× (Fig. 4) . The cured PETI-5 resin shows a typical ductile fracture pattern. Although PETI-5 is thermally curable, the fracture pattern is quite different from that of typical thermosetting polymers. It seems that the EGN/ PETI-5 composites, which were filled with small sized (1 μm) EGN particles pulverized by vibratory ball-milling, exhibited good dispersion of EGN particles without particle aggregation into the PETI-5 matrix, as can be seen in Fig. 3 . With a closer inspection of Fig. 4 , it can be seen that with an increase of the EGN loading, the fracture surfaces became more ductile, leading to roughened surfaces. The graphite nanoplatelets were well distributed in the PETI-5 matrix, indicating the sharpened edges due to the platelet structure of EGN. It was expected that there would be close contacts between the PETI-5 and the EGN, reflecting the good interfacial adhesion between them.
It was found in our previous study [1] that the dynamic storage modulus of PETI-5 was increased and the coefficient of thermal expansion was decreased in the presence of graphite nanoplatelets. In addition, the glass transition temperature of PETI-5 was found to be influenced by the graphite nanoplatelets. These fracture surface patterns may be responsible for such property improvements. The well-dispersed EGN particles may play the role of reinforcement of the resulting composites, de- processed by injection molding and compression molding, as reported by Kalaitzidou et al. [14] . Also, it was likely that the incorporation of small sized (1 μm) graphite nanoplatelets into PETI-5 contributed to reducing the EGN content for the percolation threshold because increasing the number of EGN-PETI-5 interfaces via the presence of small EGN particles resulted in increasing the contact points between the EGN and PETI-5. At 20 wt%, the electrical resistivity decreased to about 3 × 10
